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Abstract
Relativistic black-hole jet sources are leading candidates for high energy (≫ TeV) neutrino
production. The relations deﬁning (a) eﬃcient photopion losses of cosmic ray protons on target
photons and (b) γγ opacity of γ rays through that same target photon ﬁeld imply clear multi-
wavelength predictions for when and at what energies blazars and GRBs should be most neutrino
bright and γ-ray dim.
PACS numbers: 14.60.Lm, 95.85.Ry, 98.54.Cm, 98.62.Nx, 98.70.Rz
1
As the km-scale IceCube telescope reaches a total exposure of ∼ 1 km3-yr in 2009 and its
design sensitivity in 2011, and plans are made for a northern hemisphere KM3NeT neutrino
telescope in the Mediterranean Sea [1], anticipation of the first high-confidence dection
of a cosmic high-energy neutrino source runs high. The expected low neutrino-induced
muon event rate, even for the brightest extragalactic γ-ray sources [2, 3], and the increasing
importance of the cosmic-ray induced neutrino background at lower energies [4], means that
event detection is greatly improved by choosing appropriate time windows during periods
of highest neutrino luminosity.
The important time windows for neutrino detection from blazars might be thought to be
during γ-ray flaring states and, for gamma-ray bursts (GRBs), around the t90 time or during
some hours around the burst trigger, as suggested by the extended 100 MeV – GeV emission
for GRB 940217 [5], because that is when energetic particle acceleration is most vigorous.
But photopion production is enhanced in conditions of high internal photon target density,
so that times of most favorable neutrino detection could also be argued to take place during
periods of low γ-ray flux due to attenuation by the dense internal photon gas [6]. Here
we explore this issue, considering how to use multiwavelength observations (at optical and
X-ray frequencies for blazars, and at X-ray and γ-ray energies for GRBs) to define the most
favorable conditions for efficient neutrino production.
Both blazars and GRBs are most probably black-hole jet sources powered ultimately by
accretion onto a black hole, or by the spin energy of the hole. In either case, observations
show that collimated outflows of highly relativistic plasma are ejected by processes taking
place near the black-hole ergosphere. In the popular internal shock model [7], collisions
between faster and slower shells dissipate energy to field energy and to accelerate particles
that radiate. After the collision, the energized shocked fluid shell expands on the light-
crossing time scale t′lc
∼= r′b/c or longer, where r
′
b is the characteristic size of the radiating
fluid element in the comoving frame, assumed spherical. The causality constraint implies
that the size scale of the emitting region r′b
<
∼ cδDtv/(1 + z), where tv = t0 s = 10
τ s is the
measured variability timescale, and δD is the Doppler factor.
Within this geometry [8], the relation between the measured νFν flux fǫ and the







2, primes refer to comoving quantities, unprimed quantities to measured values,
dL(z) = 10
28d28 cm = 10
ℓ cm is the luminosity distance for the standard ΛCDM universe
2
(h = 0.72, ΩΛ = 0.27, Ωm = 0.73), ǫ
′j′(ǫ′,Ω′) ∼= cu′ǫ′/4πr
′
b for radiation emitted isotropically
in the comoving frame, and u′ǫ′ = mec
2ǫ′2n′(ǫ′) is the spectral energy density of the radiation
field. We write the νFν flux as fǫ = fǫpkS(x) where S(x) is a spectral function of the variable
x = ǫ′/ǫ′pk = ǫ/ǫpk. Here ǫpk ≡ 10
j is the measured photon energy (in units of mec
2) of the
peak of the νFν spectrum with peak flux fǫpk = 10
−10f−10 ergs cm
−2 s−1 = 10η ergs cm−2 s−1.





2ǫ′). The rate at which protons lose energy through
photohadronic processes is t′−1φπ
∼= ǫ′n′(ǫ′)σˆc, where σˆ ∼= 70 µb is the product of the γp pho-






relates the proper frame proton Lorentz factor γ′p and the internal photon energy.
We write the target comoving photon spectral energy distribution (SED) from quasi-
isotropic emissions, in particular, the synchrotron and synchrotron self-Compton (SSC)
fields, as a broken power law S(x) = xaH(1 − x) + xbH(x − 1) with νFν indices a and
b (see Fig. 1). Here the Heaviside function H(x) = 1 for x > 0 and H(x) = 0 for x < 0.
The photopion energy-loss rate of ultrarelativistic protons with Lorentz factor γ′p interacting















2yb−1/[(1− b)(3− b)], y ≫ 1
2ya−1/[(1− a)(3− a)], y ≪ 1, 0 < a <∼ 1
(a− b)/[(a− 1)(1− b)], y ≪ 1, 1 <∼ a < 3 ,
(2)







thr/2γp(1+z)ǫpk, and the Lorentz factor γp of an escaping proton
as measured by a local observer is γp ∼= δDγ
′
p. The condition y = 1 for the energy Ep of












The radiating fluid element will expand explosively following its rapid energization
through shell collisions, or through external shocks formed when the outflow sweeps through
the surrounding medium. Photopion processes can be certain to be efficient—assuming
of course that ultrarelativistic protons are accelerated in black-hole jets—if the photo-
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FIG. 1: Target photon SED, γγ opacity τγγ(ǫ1), and normalized photopion energy-loss rate
t′−1φπ /ρφπ are shown as a function of photon or neutrino energy for parameters of (a) optically
ﬂaring FSRQ and (b) rapidly varying prompt GRB emission, using parameters from Table 1. The
target photon SED is approximated as a broken power law with νFν ﬂux peaking at ǫpk. When
photopion processes are certain to be important for protons with energy Eφπp that interact with
peak target photons with energy ≈ ǫpk, then the γγ opacity of γ rays with energy E
γγ
γ is ≈ 800.
The γγ opacity is less than unity at photon energies <∼ E
γγ
γ /800
1/(1−b). Heavy and light curves for
τγγ(ǫ1) are accurate numerical integration [6] and δ-function approximation [9], respectively.
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(1 + z)/δDtv. An energetic cosmic ray will therefore lose a large fraction of its energy into
electromagnetic and neutrino radiations when the jet Doppler factor
δD < δφπ ≡ (
3σˆd2Lfǫpk
mec4tvǫpk






The same radiation field that functions as a target for photomeson production is a
source of γγ opacity. The photoabsorption optical depth for a γ-ray photon with en-











′(ǫ′). Using a δ-function approximation for the γγ pair production cross
























At the Doppler factor δD = δφπ that allows for efficient photopion production, the γγ




∼= 800 . (8)
Whenever photopion production is important, γ rays with energies given by eq. (7) have to
be highly extincted by γγ processes when interacting with peak target photons with energy




























The energy of protons that interact most strongly with peak target photons through photo-












Table 1 lists the important quantities derived in this paper, namely δφπ, the jet Doppler
factor where photopion losses are guaranteed to be important for protons of escaping energy
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TABLE I: Doppler factor δφπ for guaranteed photopion losses, γ-ray photon energy E
γγ
γ for γγ
attenuation with photons at the peak of the target photon SED, and cosmic ray energy Eφπp for
photopion interactions with peak target photons (sources at z = 2 except for XBL, at z ≈ 0.08,
dL = 10
27 cm).





FSRQ 28.7 -11 5 -5 (5 eV) 9 92 5× 1017
IR/optical -6 (0.5 eV) 16 30× 103 1.6× 1019
FSRQ 28.7 -11 5 -2 (5 keV) 1.6 0.03 1.6× 1013
X−ray -3 (0.5 keV) 2.8 0.92 5× 1014
XBL 27 -10 3 -2 (5 keV) 1.3 0.14 3× 1013
X−ray -3 (0.5 keV) 2.3 4.7 9× 1014
GRB 28.7 -6 0 0 (511 keV) 160 2.9 2× 1015
γ ray -1 (51 keV) 280 92 5× 1016
X−ray flare -9 2 -3 (0.5 keV) 50 290 1.6× 1017
Eφπp . Protons with this energy undergo photopion interactions primarily with peak target
photons with energy ∼ ǫpk. E
γγ
γ is the energy of γ rays that are attenuated through γγ pair
production primarily by peak target photons.
Consider the target photon variability time for the following source classes: flat spectrum
radio quasars (FSRQs), GRBs, both known sources of GeV radiation, and X-ray selected
BL Lac objects (XBL), of which over a dozen are known TeV sources. The variability time
scale tv is defined as the measured time over which the absolute flux varies by a factor of
2; if a source varies by N% if time ∆t then tv = 100∆t/N , keeping in mind that this is a
conservative assumption for temporal variability given that quiescent or unrelated emission
can add a separate slowly or nonvarying background. R-band optical and RXTE PCA
(≈ 2 – 60 keV) observations of 3C 279 and Mrk 501 show that day-scale optical and X-ray
variability can be expected for FSRQs, as well as for X-ray variability for TeV BL Lacs [10].
For canonical FSRQ values taken from observations of 3C 279 or PKS 0528+134, Table
1 shows that photopion production is already important at Doppler factors of ∼ 6 – 16
during times of day-scale optical flaring, and these optical photons effectively extinquish all
γ rays with energies >∼ E
γγ
γ /800
1/(1−b) (Fig. 1), certainly this would include all >∼ 100 GeV
6
– TeV photons. Unfortunately, TeV telescopes have not so far been successful in detecting
FSRQs, but monitoring of a FSRQ during an optical flare with an air Cherenkov telescope
with low energy threshold such as MAGIC would identify periods of likely neutrino emission.
Photohadronic neutrino secondaries have energies Eν ≈ E
φπ
p /20 and so would be produced
at ∼ 1017 – 1018 eV, possible sources for Auger or ANITA, though outside IceCube’s optimal
energy range.
For guaranteed importance of photohadronic production implied by X-ray observations,
the Doppler factors of FSRQs and TeV BL Lac objects like Mrk 421 have to be uncomfortably
small, <∼ 3. If the X-ray flaring timescale of FSRQs were hourly rather than daily, then
δφπ would more nearly correspond to Doppler factors ∼ 5 – 10 inferred from unification
studies and superluminal motion observations of blazars [11]. During such episodes of highly
variable X-ray flux, such sources should be invisible to GLAST, and≫ TeV neutrinos should
be created. For the XBL estimate, 15 minute X-ray flaring timescales have already been
assumed, so high-energy neutrinos from BL Lacs are less likely than from FSRQs, which are
also more likely to be PeV neutrino sources for IceCube if, as is likely [2, 3], the external
radiation field plays a strong role in neutrino production.
The outcome is best for bright GRBs with peak fluxes of ≈ 10−6 ergs cm−2 s−1 and peak
photon energy in the range 50 keV – 0.5 MeV that show <∼ 1 s spikes of emission. The
bulk factors, ≈ 100, are consistent with widely considered outflow speeds in GRBs. Perhaps
100 MeV photons could be observed, but the GLAST LAT should see no >∼ GeV photons if
δD <∼ δφπ, which is the most favorable time for detecting 100 TeV – PeV neutrinos and is at
an optimal energy for detection with km-scale neutrino telescopes. Bright X-ray flares with
durations ∼ 102 s observed hundreds to thousands of seconds after the GRB trigger, like
those discovered with Swift [12], with blast wave Doppler factors ≈ 50, are also promising
times to look for neutrinos and a γ-ray spectrum attenuated above ∼ 100 GeV γ rays.













[9], with A = b if ǫ1 < ǫ
pk
1 , and A = a if ǫ1 > ǫ
pk




∼ δφπ, we should not expect GRBs
to be neutrino bright. Breakdown of any of these multivariable predictions would severely
call into question our understanding of the structure of black-hole jets.
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Times and locations of bright, variable MeV γ-ray and extincted GeV fluxes from
GRBs can be done exclusively with the GLAST GBM and LAT, whereas other tests for
γ-ray/multiwavelength correlations giving the most favorable times for high-energy neu-
trino detection in blazars require collaboration and coordination of separate facilities. The
necessary organization is already underway between GLAST and the ground-based γ-ray
telescopes, e.g., HESS and VERITAS, but blazar observations with, e.g., Swift, Suzaku, and
RXTE correlated with GLAST, AGILE, and ground-based high-energy γ-ray telescopes will
be crucial for neutrino discovery science.
We thank Armen Atoyan for discussions. The work of CD is supported by the Office of
Naval Research and a GLAST Interdisciplinary Scientist Grant. TL’s research is supported
by the GLAST grant and a Swift Guest Investigator Grant.
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